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Porous biomaterialsAdditivemanufacturing techniques are gettingmore andmore established as reliablemethods for producing po-
rousmetal implants thanks to the almost full geometrical andmechanical control of the designed porous bioma-
terial. Today, Ti6Al4V ELI is still themostwidely usedmaterial for porous implants, and none or little interest goes
to pure titanium for use in orthopedic or load-bearing implants. Given the special mechanical behavior of cellular
structures and thematerial properties inherent to the additivemanufacturing ofmetals, the aimof this study is to
investigate theproperties of selective lasermeltedpure unalloyed titaniumporous structures. Therefore, the stat-
ic and dynamic compressive properties of pure titanium structures are determined and compared to previously
reported results for identical structures made from Ti6Al4V ELI and tantalum. The results show that porous
Ti6Al4V ELI still remains the strongest material for statically loaded applications, whereas pure titanium has a
mechanical behavior similar to tantalum and is the material of choice for cyclically loaded porous implants.
These findings are considered to be important for future implant developments since it announces a potential
revival of the use of pure titanium for additively manufactured porous implants.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Porousmetal structures in orthopedicswerefirst reported in the late
sixties, and ever since then the interest has only increased [1–3]. The
reasons for this trend in reconstructive surgery are obvious: coming
from solid metal implants with high strength and stiffness, porous
metals are optimal for uncemented use since they allow for bone in-
growth through the open porosities, have an improved fixation thanks
to the high roughness and corresponding coefficient of friction and
have in addition a lower stiffness and thus avoid stress-shielding [4].
Today, one of the most well-known porous metal bone replacement
structures is Trabecular Metal™ (Zimmer, Warsaw, IN, USA), which is
a highly porous carbon matrix coated with tantalum (Ta) [1,5–9]. But
due to the high density and high cost of Ta and its difficulty to process,
most orthopedic device manufacturers choose to use porous bio-
materials based on titanium or titanium alloys [2,3,10]. These titanium
porous structures are usually manufactured using conventional, Grauwmeer 14, 3001 Leuven,
authle).techniques such as furnace sintering, plasma spraying, lost wax casting
and vapor deposition [10–13]. Recently, additive manufacturing (AM)
techniques such as selective laser melting (SLM, [14]) and electron
beam melting (EBM) are breaking new ground in implant manufactur-
ing andmore specifically in themanufacturing of porousmetal bone re-
placement structures. AM allows for almost full design freedom, giving
the possibility to manufacture regular open porous structures with
high repeatability and thus full control over both geometrical and me-
chanical properties. The design freedom and reproducibility are impor-
tant features when there is a need for implant performance simulations
and outcome predictions [15,16]. Also, using AM has the advantage to
manufacture implants with both porous and solid sections in one step
(monolithic design), with less material consumption since the non-
used powder can be recycled for future use, when the chemical compo-
sition is still fulfilling the required specifications andwhen the recycling
process is free from contamination. Finally, materials like Ta that are dif-
ficult to process conventionally, could be also processed using AM, cre-
ating a whole range of new opportunities [17].
In the current study, the SLM technology was used to manufacture
porous structures from commercially pure (CP) grade 1 titanium. Previ-
ous studies mostly dealt with porous structures in Ti6Al4V (grade 5 or
Ti 120-500 Ti 170-450 Ti 170-500 Ti 230-500
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Fig. 1. Additively manufactured porous CP Ti structures: 3D CAD visual representation of
the four different structures in isometric (A) and top (B) view and a picture after
manufacturing (C).
95R. Wauthle et al. / Materials Science and Engineering C 54 (2015) 94–100grade 23), either using SLM [15,16,18–30] or EBM [13,31–36]. This bio-
compatible titanium alloy is the material of choice for load-bearing ap-
plications since it has a high strength toweight ratio. Commercially pure
titanium (CP Ti), on the other hand, has a lower strength and therefore
its use is often limited to non-load bearing applications like cranio-
maxillo-facial implants [37]. A general overview of these mechanical
properties of different grades of titanium and Ta can be found in Table 1.
Also, only few publications about additively manufactured CP Ti are
available, all of them covering SLM of CP Ti grade 2 [41–45] and none
were found that deal with CP Ti grade 1. Nevertheless, the use of CP Ti
has some major advantages over alloyed titanium that can potentially
bring additively manufactured CP Ti back in the scope of medical device
manufacturers. First of all, CP Ti has the advantage of having nopotential
hazardous or toxic alloying components such as V or Al [1]. Secondly,
the high ductility that provides CP Ti with the sometimes necessary
deformability in certain applications like e.g. bone plates, could be an in-
teresting property of porous metals that could be deformed intra oper-
atively to the patient specific bone defect. And finally, in a previous
study on porous Ta structures, the ductile behavior of the Ta material
led to a very high fatigue strength compared to similar Ti6Al4V ELI
structures and a preferential load transfer and bone ingrowth in an
animal study [17]. It was proposed that the mechanical behavior of the
porous Ta including its high ductilitywas partly responsible for the excel-
lent in vivo performance of Ta. Therefore, the aim of this study is to in-
vestigate whether CP Titanium can have a revival in orthopedics as a
raw material for SLM processed porous implants. This is the first study
that presents and discusses the mechanical properties of additively
manufactured porous structures made of CP Ti grade 1 and compares
them with those of additively manufactured Ti6Al4V ELI and Ta struc-
tures. This could be useful for facilitating proper selection of themost ap-
propriate material for the envisioned implant application.
2. Materials and Methods
The materials and methods section describes the details of the new
porous CP grade 1 Ti samples,manufactured and analyzed in the current
study. The properties of identical porous structures made from Ti6Al4V
ELI and Ta to which the CP Ti samples will be compared were published
elsewhere, unless otherwise implied [17,23].
2.1. Materials and manufacturing
Porous CP Ti grade 1 structures weremanufactured from CP Ti grade
1 powder using the selective laser melting technology (3D Systems -
Layerwise NV, Leuven, Belgium). The details of the laser processing
method were similar to the ones presented in previous studies
[19–21,23]. The unit cell used as the micro-architecture of these porous
structures was in all cases dodecahedron, in four different porosities as
seen on Fig. 1. This specific unit cell, pore and strut sizes were chosen inTable 1
Literature values of the density and mechanical properties of standard annealed wrought
titanium grades [38] and tantalum [39,40]: The density, yield strength (YS), the ultimate
tensile strength (UTS), Young’smodulus (E) and the elongation (e). Fatigue data are taken
from [1].
Material Density
[g/cm3]
YS
[MPa]
UTS
[MPa]
E
[GPa]
e
[%]
Fatigue
[MPa]
CP Ti grade 1 4.51 170-241 240-331 103 30 270
CP Ti grade 2 4.51 280-345 340-434 103 28 330
CP Ti grade 3 4.51 380-448 450-517 103 25 350
CP Ti grade 4 4.51 480-586 550-662 104 20 376
Ti6Al4V grade 5 4.43 830-924 900-993 114 14 500
Ti6Al4V ELI grade 23 4.43 760-827 830-896 114 15 n.a.
Tantalum 16.6 165-220 200-390 186 20-50 n.a.order to compare the results with those of a previous study that used
identical dodecahedron structures made by SLM out of Ti6Al4V ELI pow-
der [23]. Theusednomenclature in Fig. 1 refers to the theoretical strut and
pore size; e.g. Ti 120 – 500 has a theoretical strut size of 120 μm and pore
size of 500 μm. In this work, spherical commercially pure grade 1 Ti pow-
der (chemical composition according to ASTM F67, further referred to as
CP Ti) with particle size ranging from 10 μm to 45 μmwas used. The pro-
duction was performed in an inert atmosphere and the samples were
built on top of a solid Ti substrate. After production, the samples were re-
moved from the substrate usingwire electro dischargemachining (EDM).
Cylindrical porous specimens with a diameter of 10 mm and height of
15mmweremanufactured formorphological analysis, static and dynam-
ic mechanical testing. The chemical composition of the porous specimens
after SLMmanufacturingwasmeasured using IGA (Interstitial Gas Analy-
sis) and ICP-OES (Inductively Coupled PlasmaOptical Emission Spectrom-
etry).Withmeasured concentrations of C (0.0075 %wt), N (0.0100 %wt),
O (0.1600%wt), H (0.0036%wt) and Fe (0.040 %wt), the specifications of
ASTM F67 for CP Ti grade 1 are fulfilled.2.2. Morphological analysis
Overall open porosity was measured using dry weighing and Archi-
medes measurements on five different cylindrical samples prior to
being used formechanical testing. Dryweighing occurred under normal
atmosphere conditions and overall porosity was calculated by dividing
the actual weight by the theoretical weight of the macro volume using
96 R. Wauthle et al. / Materials Science and Engineering C 54 (2015) 94–100a theoretical density of 4.507 g/cm3 for pure Ti [39]. Archimedes mea-
surements are based on a combination of dry weighing and weighing
in pure ethanol. The absolute density (ρabs) of each porous specimen
was calculated using the equation:
ρabs ¼
mair ρethanol−0:0012ð Þ
mair−methanol
þ 0:0012
Where mair is the weight of the porous specimen in air, methanol the
weight of the porous specimenwhile immersed in ethanol and ρethanol is
the density of ethanol. Dividing theweight in air by the absolute density
resulted in the actual volume, while the overall porositywas then calcu-
lated by dividing the actual volume by the macro volume. All weighing
measurements were performed on an OHAUS Pioneer balance.
2.3. Mechanical testing
2.3.1. Static mechanical testing
Static mechanical testing of five cylindrical samples of each of the
four series of porous structures was carried out in accordance with the0
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Fig. 2. Static mechanical properties of open porous SLM processed titanium and tantalum struc
calculated valuesσy,σpl,σ130, eple for a Ti 120–500 structure in CP Ti (A) and Ti6Al4V ELI (B), bot
yield strength and plateau stress (C) and stiffness (D) for all three materials versus the actual mstandard ISO 13314 [46]. All tests were done using an INSTRON 5985
mechanical testingmachine (30 kN load cell) by applying a constant de-
formation rate of 1.8mm/min. Each static compression test resulted in a
stress–strain curve (Fig. 3) forwhich the following valueswere calculat-
ed: plateau stress (σpl) as the arithmeticalmean of the stresses between
20% and 40% compressive strain, plateau end stress (σ130) and strain
(eple) as the point in the stress–strain curve at which the stress is 1.3
times the plateau stress, the quasi-elastic gradient (E) as gradient of
the straight line determined within the linear deformation region at
the beginning of the compressive stress–strain curve and the yield
strength (σy) as the compressive 0.2% offset stress. In this context, the
quasi-elastic gradient is closest to the concept of stiffness, which is
used for solid materials. In order to facilitate understanding and com-
parison between the results of this study and those of similar studies
on solid and porousmaterials, the quasi-elastic gradient will be referred
to as stiffness. Nevertheless, the exact definitions presented above
should be kept in mind when interpreting the data. In the previous
study on Ti6Al4V ELI porous structures, it was assumed that the plateau
stress was close to the concept of yield stress [23], and this is confirmed
by re-calculating the yield stress according the 0.2% offset stress0
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tures: representative compressive stress–strain curve and graphical representation of the
h including a picture of a sample after compression testing; and a comparison between the
easured open porosity of each structure.
Table 3
The static mechanical properties of the four different series of porous CP Ti samples tested
according to ISO 13314.
Series σy
[MPa]
σpl
[MPa]
σ130
[MPa]
eple
[%]
E
[GPa]
Ti 120-500 8.6 ± 0.3 14.3 ± 0.2 18.6 ± 0.3 46.3 ± 0.4 0.58 ± 0.02
Ti 170-450 29.2 ± 2.3 63.2 ± 3.8 82.3 ± 5.2 40.3 ± 0.5 2.08 ± 0.14
Ti 170-500 13.7 ± 0.4 27.6 ± 2.2 36.3 ± 3.4 41.4 ± 2.3 0.96 ± 0.05
Ti 230-500 36.5 ± 0.4 62.7 ± 1.4 81.5 ± 1.9 42.4 ± 0.5 2.61 ± 0.05
97R. Wauthle et al. / Materials Science and Engineering C 54 (2015) 94–100explained above (solid and dashed grey lines in Fig. 2 C). For three out of
four data points, there is no significant difference between the yield
stress and the plateau stress for Ti6Al4V ELI porous structures,
meaning that the assumptions were valid. However, for CP Ti porous
structures, there is a significant difference between the yield stress
and the plateau stress, and therefore both values were calculated
and analyzed separately.
2.3.2. Dynamic mechanical testing
Compression-compression fatigue testswere carried out on an iden-
tical set-up as reported before [23] using a hydraulic test frame (MTS,
Minneapolis, US) with a 25 kN load cell. The loading frequency was
fixed at 15 Hz (sinusoidal wave shape) and a constant load ratio, R=
0.1 was used (load ratio is the ratio of the minimum load to the maxi-
mum load applied during the cycle). Ten different values of maximum
force were chosen for every porous structure (except one, for which
only 7 values were tested), resulting in applied stress levels between
0.45 σy and 0.8 σy. Two samples were tested for each stress level with
20 samples in total for series Ti 120–500, Ti 170–500 and Ti 230–500
and 14 samples for series Ti 170–450 (see Fig. 1 and Table 2 for details
on the series nomenclature). The samples were considered to have
failed once they lost +90% of their stiffness. The S-N curves of the four
tested porous structures were established by plotting both absolute
and normalized values of stress versus number of cycles to failure for
all tested samples. In case of normalized S-N curves, a power law was
fitted to all data points of the normalized S-N curves.
3. Results
3.1. Morphological properties
The measured values for the overall porosity by dry weighing and
Archimedes measurements are summarized in Table 2. A high repeat-
ability in terms of overall porosity (b1%) and a high density of the struts
(N98%) was achieved, which is of importance for reproducibility of the
mechanical properties.
3.2. Mechanical properties
The results of the static compression tests are summarized in
Table 3. Due to the ductile behavior of the porous CP Ti material, no
maximum compressive stress (σmax) and strain at maximum compres-
sive stress (emax) could be registered. Fig. 2 A shows a representative
stress–strain curve and the ductile behavior of the porous CP Ti Ti
120–500 structure during static compression testing, including a graph-
ical representation of all calculated properties. The actual values of the
static mechanical properties are summarized in Table 3 and are visually
presented and compared to Ti6Al4V ELI and Ta in Fig. 2 C and D, in
which the actual open porosity of each porous structure is taken into
account. For the Ta values, σplwas recalculated for the 20-40% strain in-
terval instead of the previously reported 20-30% strain interval.
The dynamic compression test results are shown through S-N curves
in Fig. 3 A for absolute and in Fig. 3 B for normalized stress values obtain-
ed by compression-compression fatigue testing, including the power
law for the normalized S-N curves of Ti6Al4V ELI and Ta structures as re-
ported previously [17,23]. Power laws were fitted to the normalizedTable 2
The geometrical/physical properties of the four different series of porous CP Ti samples
tested in the current study.
Series Ti 120-500 Ti 170-450 Ti 170-500 Ti 230-500
Porosity,dry weighing [%] 81.7 ± 0.2 71.4 ± 0.6 78.5 ± 0.3 66.7 ± 0.4
Porosity,Archimedes [%] 81.6 ± 0.2 71.1 ± 0.6 78.4 ± 0.4 66.0 ± 0.6
Strut density, Archimedes [%] 99.8 ± 0.2 99.2 ± 0.1 99.5 ± 0.3 98.0 ± 1.1
Pore size,nominal [μm] 500 450 500 500
Strut size,nominal [μm] 120 170 170 230data points of all four series and to all series together and are represent-
ed in Table 4. The coefficient of determinationwas very high for allfitted
power laws, but it should be noted that the series Ti 170–450 and the
combined data have a lower coefficient of determination. When multi-
plying these power laws by the yield strength of each series for both
materials, this results in power laws for the absolute stress values as
shown in Fig. 3 C. The point where the same series in the two materials
intersect is marked with an ‘X’. It should be noted that Fig. 3 C assumes
that each of the four series in CP Ti are completely identical to the corre-
sponding series in Ti6Al4V ELI, while in fact there are minor differences
in overall open porosities between them, which should be kept in mind
while interpreting this figure. In conclusion, Fig. 3 D shows the fatigue
strength Sf after 106 cycles, for CP Ti based on an extrapolation of the
fitted power laws in Table 4, for Ti6Al4V ELI based on the estimated fa-
tigue strength of 0.12 σy in [23], taking into account the actual overall
porosity for both materials and for all four series, and finally for Ta
based on the determined fatigue strength of 7.35 MPa (or 0.57 σy) for
only one porosity mentioned in [17].
4. Discussion
Recently, it has been shown that selective lasermelted porous struc-
tures made from Ti6Al4V ELI and Ta can be clinically used as implant
materials [17,24]. Although Ti6Al4V ELI is the current standard for
load-bearing implant applications, Ta showed excellent in vivo perfor-
mance and bone ingrowth. The ductile mechanical behavior and the
high fatigue strength are believed to be one of the key factors for the
performance of porous Ta implants, but due to high material cost, the
use of Ta in large orthopedic implants is expected to remain relatively
limited. In this study, the SLM technology was used to manufacture po-
rous CP Ti structures based on dodecahedron unit cells with overall po-
rosities ranging from 66% to 82% in order to compare them with
previously published data of Ti6Al4V ELI and Ta structures with the
same geometrical architecture.
A first part investigateswhether CP Ti porous structures have similar
static and dynamicmechanical properties as compared to pure Ta struc-
tures. It was observed that CP Ti porous structures continuously deform
under increased compressive load, without reaching a first local maxi-
mum (Fig. 2A). This ductile mechanical behavior of CP Ti porous struc-
tures is very similar to what was previously reported for pure Ta [17].
In order to compare the actual measurable static mechanical properties,
it is important to take the overall porosity into account. Itwas concluded
that for both the yield strength and the plateau stress, there is no signif-
icant difference between the values of porous Ta and the trend lines of
porous CP Ti obtained in this study (Fig. 2 C and D). To explain this re-
semblance, the properties of the solid pure metals Ta and CP Ti should
be compared. Both metals are one phase metals, but they do have a dif-
ferent crystal structure; Ta has a cubic BCC structure and Ti has a close
packed hexagonal HCP structure [39]. In terms of yield strength both
Ta and CP Ti have similar bulk properties (Table 1). Since both metals
are single phase ductilematerialswith similar yield strength, the resem-
bling mechanical behavior of Ta and CP Ti as a porous structure can be
explained. The stiffness of porous Ta does however appears to be differ-
ent from the trend line of porous CP Ti stiffness values (Fig. 2 D). This
difference can be explained by the fact that the stiffness of pure Ta is
higher than that of CP Ti (Table 1). Regarding the dynamic mechanical
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Fig. 3. Dynamic mechanical properties of open porous SLM processed titanium and tantalum structures: S-N curves obtained by compression-compression fatigue testing of all CP Ti
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98 R. Wauthle et al. / Materials Science and Engineering C 54 (2015) 94–100properties it was observed that porous Ta has a higher relative fatigue
strength (0.58 σy vs. 0.41 σy) and since there is no significant difference
in yield strength, this resulted in a slightly higher absolute fatigue
strength for porous Ta compared to CP Ti (Fig. 3 D). In conclusion it
can be stated that porous CP Ti has a comparable mechanical behavior
compared to porous Ta, except that CP Ti has a slightly lower stiffness
and absolute fatigue strength after 106 cycles. This is a very interesting
finding, since in a previous study it was shown that the mechanical be-
havior of porous Ta was likely responsible for the excellent in vivo per-
formance, which could now be replaced by the much cheaper, more
commonly available and easier to process CP Ti. Therefore the authors
suggest for future research to evaluate porous CP Ti implants in an
in vivo animal study and compare the results with those obtained for
porous Ta.
In the second part, identical porous structures in CP Ti and Ti6Al4V
ELI have to be compared in order to understand their differences inTable 4
The power laws fitted to the data points of the normalized S-N curves for all four different
series of porous CP Ti samples tested. When multiplied by the corresponding value of the
yield strength, the power law of the absolute values is obtained. Also the extrapolated
values at N = 106 cycles are listed.
Series Fitted power law R2 value Stress level at 106 cycles
Ti 120-500 σy · 6.266 · N-0.215 0.98 0.32 σy
Ti 170-450 σy · 2.742 · N-0.122 0.77 0.51 σy
Ti 170-500 σy · 4.465 · N-0.177 0.93 0.39 σy
Ti 230-500 σy · 6.095 · N-0.197 0.95 0.40 σy
All series σy · 4.154 · N-0.167 0.72 0.41 σystatic and dynamic mechanical properties. To do so, the researchers
aimed tomanufacture porous CP Ti structureswith nearly identical geo-
metrical properties as reported before for Ti6Al4V ELI [23]. The results
show that the morphological properties of the CP Ti structures are
very close to those of Ti6Al4V ELI, but nevertheless the small differences
should be taken into account wherever possible because small changes
in overall porosity can have significant influence on the mechanical
properties. Firstly, comparing themechanical behavior during compres-
sion testing already reveals a significant difference between bothmate-
rials. While porous CP Ti continuously deforms during compression
without fracture, Ti6Al4V ELI reaches a maximum compression point,
after which the structure starts to fail locally. Due to the geometry of
the Ti6Al4V ELI structure, non-failed parts of the structure continue to
deform until they fail. This compressive failure behavior continues
until a plateau is reached and full compression occurs. The difference
inmechanical deformation or failure can also be seen on the test sample
images after compression. The porous CP Ti sample is completely de-
formed (Fig. 2 A), whereas the Ti6Al4V ELI structure failed during com-
pression testing (Fig. 2 B). This also explains the difference between the
values of the plateau end eple, which occurs between 40 and 47 % strain
for CP Ti and between 56 and 76% strain for Ti6Al4V ELI [23]. Because of
the pure deformation of CP Ti structures, full or final compression occurs
at lower strains. The yield strength is lower for CP Ti compared to
Ti6Al4V ELI. This is also expected since the yield strength of wrought
Ti6Al4V ELI is about four times the strength of CP Ti (Table 1). However,
for the porous structures compared in this study, the Ti6Al4V ELI struc-
tures have a yield strength that is only 1.7 to 2.4 timesmore than that of
CP Ti, as would be expected for standard grade 3 or 4 titanium, so the
99R. Wauthle et al. / Materials Science and Engineering C 54 (2015) 94–100reference values of wrought titanium do not hold true for SLM proc-
essed porous titanium. If, on the other hand, strength values of as-
manufactured selective laser melted solid Ti6Al4V ELI (1110 MPa
[47]) and CP Ti (555 MPa [48]) are used, it should be noted that SLM
Ti6Al4V ELI is 40% and CP Ti is 170% stronger compared to their conven-
tionally processed counterparts. By doing so, a yield strength ratio of 2.0
is obtained, which is closer to the values that were actually observed for
both porousmaterials. The plateau stress is not significantly different in
the range of 70-80% overall porosity, but it tends to be lower for CP Ti
outside this interval. Also a strange curve in the trend line for CP Ti is no-
ticeable for the Ti 170–450 series data point. Since this is the only series
with smaller pore size compared to the others (450 μmvs. 500 μm) and
since porous CP Ti continuously deforms as a whole instead of failing by
local fracturing, it is assumed that these two factors are the reason for
the particular curve in the trend line of the plateau stress of porous CP
Ti. Given the ductile deformation behavior and the sensitivity of the pla-
teau stress to the pore size, it is important to careful interpret and com-
pare plateau stress for CP Ti, since the calculated values do not represent
an actual plateau as is reached with Ti6Al4V ELI. The authors therefore
suggest including the deformation mechanism for pure and ductile
metals and corresponding definitions of representative values in a
next revision of the ISO 13314 standard. The stiffness of porous CP Ti
structures shows to be lower, but not significantly different for porosi-
ties N70%, compared to Ti6Al4 ELI. Since solid CP Ti has a lower stiffness
compared to Ti6Al4V ELI (Table 1), and since both the overall porosity
and deformation mechanism influence the stiffness of a cellular metal
[49,50], the small differences for theporous structures in Fig. 2D are jus-
tified. Summarizing the differences in static mechanical properties be-
tween porous CP Ti and Ti6Al4V ELI structures, it can be stated that
selective laser melted porous CP Ti has about half the yield strength
and a more ductile deformation mechanism compared to Ti6Al4V ELI,
while the stiffness remains the same.When the normalized stress levels
of the dynamic properties are compared, it can be concluded that CP Ti
has a higher normalized fatigue strength, and an overall normalized fa-
tigue strength after 106 cycles of 0.41 σy, which is 3.4 times higher than
the normalized fatigue strength of Ti6Al4V ELI (Fig. 3 B, Table 4 and
[23]). The S-N curves obtained byfitting power laws through all data se-
ries for absolute stress levels, reveal that the S-N curves of CP Ti and
Ti6Al4V ELI for each separate series intersect at some point (Fig. 3 C).
Keeping in mind that the porosities were not exactly the same for
both materials, which will cause a shift in the intersection point of Ti
120–500 to the right and of Ti 170–500 to the left, it can be reasonably
stated that all intersection points lie in the interval 104 – 105 cycles.
Hence the general observation and conclusion is that Ti6Al4V ELI porous
structures are mechanically stronger for static or low cycle fatigue (b
104 cycles) applications, whereas commercially pure CP Ti structures
are mechanically superior for high cycle fatigue (N 105 cycles) applica-
tions. This statement is ratified by the extrapolated values at 106 cycles
for bothmaterials and for the full range of tested porosities, which show
superior fatigue strength for porous CP Ti structures compared to
Ti6Al4V ELI (Fig. 3 D). In general, titanium is known to have a very
good fatigue resistance, and properties like crack initiation and crack
propagation or growth are often used to explain or predict the fatigue
behavior of a material. But for porous structures the situation is more
complex, since it is a combination of actual material properties and
the architectural properties of the structure itself. Assuming the struc-
tures do have identical geometrical morphology, it is reasonable to say
that the ductile deformation behavior of porous CP Ti is likely to be
the reason for the excellent high cycle fatigue performance, because
ductile materials have a lower crack initiation and propagation by soft-
ening thematerial when loaded [51]. This, however, remains a remark-
able observation since the wrought titanium alloys generally have a
superior fatigue strength compared to commercially pure titanium
grades (Table 1). Since little is known about the fatigue mechanism
for porous metals in general and given that fatigue properties of addi-
tively manufactured solid Ti6Al4V ELI reported elsewhere are non-consistent [52–54], the authors consider it as future research to further
investigate more in detail the fatigue behavior mechanism of porous
metals manufactured by AM and how processing conditions (e.g. build
direction) and post process heat treatments can influence these results.
Heat treatments are often applied on parts made by SLM to reduce re-
sidual stresses in bulky parts or to improve the mechanical properties.
The results discussed here are without any heat treatment and can
change the static and dynamic properties of porous structures [55].
5. Conclusions
In this study the additive manufacturing technology selective laser
melting was used to manufacture highly open porous (66-82%) CP
grade 1 Ti structures. After a morphological characterization, both static
and dynamic compression tests were done on four series of porous
structures based on the dodecahedron unit cell architecture. The results
were compared to previously reported data on identical porous struc-
tures in Ta [17] and Ti6Al4V ELI [23]. Based on the experimental results
obtained in this study and the comparison with the other two already
established orthopedic porous metals, it can be concluded that CP Ti is
an excellent material for dynamically loaded porous implants. At first,
it has almost identical mechanical behavior and properties compared
to porous Ta, which has proven excellent in vivo performance, likely
thanks to these properties. Secondly, for high cycle fatigue strength (N
105 cycles), CP Ti outperforms Ti6Al4V ELI, but for statically loaded or
low cycle fatigue applications (b104 cycles), Ti6Al4V ELI remains the
preferred material. These conclusions can have a potential huge impact
on themedical device industry, because it brings CP Ti back in the scope
of implant designers, has a lower cost compared to Ta and has the
advantage of no potential hazardous or toxic alloying components
like the presently applied titanium alloys. However, no comparative
in vitro and in vivo data between additively manufactured CP Ti and
Ti6Al4V ELI is available and the authors suggest to investigate this in
future research.
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